This paper reports experimental results of planar shock waves interacting with aqueous foams in a horizontal conventional shock tube. Four incident shock wave Mach numbers are considered, ranging from 1.07 to 1.8, with two different foam columns of one meter thickness and expansion ratios of 30 and 80. High-speed flow visualizations are used along with pressure measurements to analyse the main physical mechanisms that govern shock wave mitigation in foams. During the shock/foam interaction, a precursor leading pressure jump was identified as the trace of the liquid film destruction stage in the foam fragmentation process. The corresponding pressure threshold is found to be invariant for a given foam. Regarding the mitigation effect, the results show that the speed of the shock is drastically reduced and that wetter is the foam, slower are the transmitted waves. The presence of the foam barrier attenuates the induced pressure impulse behind the transmitted shock, while the driest foam appears to be more effective, as it limits the pressure induced by the reflected shock off the foam front. Finally, it was found that the pressure histories in the two-phase gas-liquid mixture are different from those previously obtained within a cloud of droplets. The observed behavior is attributed to the process of foam fragmentation and to the modification of the flow topology past the shock. These physical phenomena occurring during the shock/foam interaction should be properly accounted for when elaborating new physical models. C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4919905]
I. INTRODUCTION
The most critical life-saving and/or installation-protecting from the destructive effects of shock and blast waves depends on actions taken to reduce the shock strength and the rate of the pressure jump. In the past, much effort was devoted to understand the behavior of blast waves interacting with nonhomogeneous media. Experimental and theoretical approaches clearly showed that barriers of stabilized aqueous foams could serve as a good protective system. The work of Krasinski et al. 1 was the first referenced study carried out in shock tube experiments, where the concept of shock-wave mitigation by aqueous foams was highlighted, a subject that was also reviewed by Winfield and Hill, 2 Kudinov et al., 3 and Borisov et al. 4 Later, Raspet and Griffiths 5 demonstrated the ability of aqueous foams to confine sound waves resulting from the detonation of an explosive charge. Following these preliminary works, Hartman et al. 6 from SANDIA laboratories have conducted in the early 1980s a series of large-scale experiments involving detonation of high explosive blanketed by aqueous foam. 6 The recorded data demonstrated that the foam reduces and further
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Jourdan et al. Phys. Fluids 27, 056101 (2015) broadens the propagated pressure disturbances with respect to air. More recently, Del Prete et al. 7 from CEA-DAM (Commissariat à l'Energie Atomique, Direction des Applications Militaires) have conducted similar tests in two different experimental setups. The first configuration dealt with a full-scale facility, involving 6 and 22.4 kg of high explosive of Plastrite confined in a conical-shaped tent of 20 m base diameter and up to 8-10 m height. The second set of experiments consists of a sub-scale test using about 150 g of Plastrite centered in a vessel of around 8 cubic meters. The main difference between SANDIA and CEA experiments is that the explosive device in the latter was suspended at a distance from the ground such as to delay the reflected waves from the ground. Blast waves are attenuated in foams due to various physical mechanisms whose main contributions still need further investigations. For instance, Gelfand et al. 8 showed that the liquid volume fraction of foams plays an important role in the mitigation process. They demonstrated that when the liquid volume fraction increases, the overpressure peak generated by the blast rapidly decreases. This point was also studied by Goldfarb et al. 9 who highlighted a number of key factors such as the liquid volume fraction, the thickness of the foam barrier, and the peculiarities of the foam structure, such as geometry and size. Most of the experimental studies lead to conclude that the foam is a complex two-phase medium with a rather high-dissipation potential. However, the understanding of the mechanical properties of the foam and the associated blast mitigation effects does not come only from large-scale experiments using highly energetic materials. Indeed, laboratory shock tube experiments can also be used to reproduce the head-on impact of shock/blast waves with foams. It is a much more flexible device that helps getting reliable data with less experimental dispersion errors and exploring the full advantage of the cellular foam structure. Along this line, the works of Britan et al. [10] [11] [12] [13] [14] [15] [16] are incontestably among the best existing references in the literature so far. When a shock wave interacts with an aqueous foam, mechanical and thermal exchanges take place between the two phases. In shock tube experiments, the heat exchanges are considerably reduced due to the level of the induced overpressure. This aspect enables to focus on the momentum transfer between the liquid and the gaseous phases, which constitutes the foam. Although different physical mechanisms contributing to the blast wave mitigation have been already identified, a better understanding of the behavior of aqueous foams under blast loading is still needed. The present study is conducted within a wide research program involving long-term collaborations between CEA/DAM, IUSTI and CORIA (Complexe de Recherche Interprofessionnel en Aérothermochimie) laboratories. The latter has developed a numerical model to describe shock/blast waves propagation in aqueous foams. 7, 17 Due to the shock impact, the foam is shattered into a liquid spray and modeled as a cloud of droplets. Thus, one of the key issues in foam modeling is the correct prediction of the two-phase momentum transfer between liquid and gaseous phases. In this study, based on pressure measurements and high-speed visualizations, it was possible to identify the main physical processes induced by the propagation of shock waves in aqueous foams. The paper is organized as follows. The experimental setup is presented in Sec. II, along with the foam generation technique. Section III gives some physical insights related to the foam characterization. The obtained results are presented and discussed in Sec. IV, and the main conclusions are drawn in Sec. V.
II. EXPERIMENTAL APPARATUS
Experiments were conducted at the IUSTI CNRS laboratory in a horizontal shock tube (T80) for a wide range of incident shock wave (ISW) Mach numbers, 1.07 ≤ M s ≤ 1.8, and with two different foam columns of 1 m length and expansion ratios of 30 and 80. Profiles of pressure histories are measured along the shock tube with more emphasis on the interaction region. A high-speed digital camera system is also used for flow visualizations.
A. Details of the shock tube
The T80 shock tube consists of a variable inclination device with a total length of 3.75 m and a square inner cross section of 80-mm-wide sides. It includes a movable 0.75-m-long high-pressure (HP) chamber, followed by a fixed 2.02-m-long low-pressure chamber ended by a movable 1.04-mlong experimental chamber. The whole device is mounted on a rail and coupled with a system that allows the tilting of the tube at a given angle (ranging from −90
• to +90
•
). Detailed description of
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded the current experimental facility can be found in Jourdan et al. 18 The shock tube was kept horizontal during the current tests. This choice was made to reduce the total time protocol. The complete test section was filled with a foam using an orifice located at the end wall. A subtle adjustments was made to minimize the total time required for the filling (less than 2 min for each run as presented in Fig. 1 ). Thus, drainage and coarsening of the foam were reduced during each shot. Since the shock wave/foam interaction cannot be visualized due to the opacity of the foam, the main features were reconstructed from the pressure response to the shock impact recorded in pressure ports located along the shock tube (see Fig. 1 ). However, to illustrate the head-on impact of the foam by the shock, a series of flow visualizations is carried out with an un-characterized dry foam allowing a visual access. Both driver and driven sections of the shock tube are equipped with 4 and 11 caps, respectively. In the test section, 6 transducers are mounted on the upper wall and 2 are mounted on the bottom wall. Some of them are used to flush-mount high-frequency water-resistant calibrated PCB Piezotronics pressure transducers (SM113A26 type). They are connected through PCB amplifiers (482A22 type) to a multichannel digital scope (Tektronix DPO4054). Besides recording the shock-wave velocity and tracing the pressure evolution, this setup allows the triggering of the flow visualization. Two pressure transducers were placed in the driven section at stations C 8 and C 7 and 6 were positioned in the test section from stations C 6 to C 1 as shown in Fig. 1 . The pressure gauge positions were carefully chosen in order to have detailed information on the shock dynamics throughout the shock tube. At the end of the test section, the aforementioned foam generator was connected via a hose in order to fill, just before the run, the test section with the aqueous foam. Fig. 2 shows a series of pictures taken at different stages of the test-chamber filling.
B. Foam generation technique
The polydisperse foam generator used in the present study was designed and implemented at CEA-Marcoule. This convenient system can produce a small amount of stable foam with low drainage and reduced coalescence using a control mixer method. As depicted in Fig. 3 , the device consists of a T-junction connected to a cylinder filled with a bed of nylon balls through which both air and liquid jets are mixed. This system allows to pass from an aqueous to a dry foam by tuning the liquid fraction of the foam from 0.01 to 0.04. The system provides a foam rate of about 5 l/min, with a uniform spatial distribution of the initial liquid fraction, ε 0 . The advantage of this production rate is that the entire operating test (filling and run) can operate in less than 2 min, which allows to neglect the foam age dependence with time (drainage and coarsening). The stability as well as the uniformity of the foam was measured using a foam analyzer FoamScan. This device measures the volume, the density, and the drainage rate. Indeed, foam samples are placed in a squared chamber with one glass window. A video camera captures continuously the coarsening of the foam. The foam conductivity is also measured through several pairs of electrodes. The data are then post-processed using a software which plots the foam volume and conductivity, liquid fraction, and bubble size as a function of time.
C. Flow visualization
Flow visualization system was setup to record the destruction of the foam cells by the shock wave. It consists of a direct visualization of the phenomenon, illuminated from the front, but it does not allow to highlight the shock wave. Fast motion image acquisition and flow analysis were performed with a Photron FastCam SA1 coupled with a Dedolight 400 W tungsten continuous light source. In the present study, the acquisition frequency was 75 000 frames per second (fps) and the spatial resolution was 128 × 512 pixels.
III. TWO-PHASE FLOW CHARACTERIZATION
In this work, the experiments were conducted under invariably laboratory initial conditions (1 bar and 25 
A. Main flow parameters
The driven section of the shock tube was initially at atmospheric pressure and ambient temperature, and the incident Mach number, M s , was varied such as to cover different flow regimes ranging
Phys. Fluids 27, 056101 (2015) TABLE I. Main parameters of the flow generated across the shock wave with air as carrier gas at atmospheric pressure and ambient temperature. u g , ∆p * g , and ρ * g are the calculated shocked air velocity, the pressure jump, and the density across the shock front, respectively. from (i) weak shock wave (M s = 1.07) and (ii) stronger shock waves having a step-shaped profile (M s = 1.3 and 1.5) to (iii) a more stronger shock wave having a blast-wave profile, i.e., a sudden pressure jump followed by a pressure decay (M s = 1.8 with helium as driver gas). Note that for M s = 1.3, either air or SF 6 was used as driver gas. The latter helps to further delay the reflection of the expansion waves from the driver chamber. The separate influence of the driver gas can thus be studied on both shock-foam interaction and transmitted-shock propagation. Table I summarizes the main parameters of the present study. Note that the velocity of the incident shock was obtained by measuring the interval time for the shock to travel between two pressure transducers before reaching the air/foam interface, and that the shock Mach number may slightly vary between two runs (±3%). Differences can be attributed to variations in the diaphragm rupture or in the stated initial conditions. The velocity u g , the pressure jump ∆p * g , and the density ρ * g of the shocked carrier gas (air) were calculated using compatibility relations, generally valid in shock tubes for low Mach numbers.
B. Main foam characteristics
A full description of the foam cannot be achieved based only on simple geometrical aspects because of its highly space and time variable structure. These metastable media evolve with the action of both gravity and capillary forces under the relative fluid motion through both films and plateau borders (PBs). The dynamics of such a flow depends on a number of physical parameters, such as gas and liquid volume fractions, bubble size distribution, temperature, pressure, and physico-chemical parameters of the foaming solution (viscosity, surface tension, . . . ). In the present study, the foam is produced by mixing water and 1.2% in volume of surfactant, which is composed of specific products (glucopon 215 + xanthan powder). This premix has a viscosity of 6.5 mPa s at 293 K measured by rotational cylinder rheometer and a surface tension of 49.5 mPa m determined by the classical du Noüy ring technique. The resulting foam is therefore more viscous and has less surface tension compared to the water whose viscosity is 1 mPa s and surface tension is 72 mPa m. By varying the air and the liquid flow rates, it was possible to generate two different foam columns with a liquid volume fraction, ε, of 0.0125 and 0.033. According to the literature reviews, the foam can also be defined by the expansion ratio ϕ = 1/ε, the density ρ f = ε ρ water + (1 − ε) ρ air , or the porosity (void fraction) ϑ = 1 − ε. The bubble size was determined graphically from the experimental pictures. The freshly generated foam was poured in a glass aquarium and illuminated by direct exposure. Pictures were taken using a camera equipped with a macro lens, covering an area of 1 cm 2 of foam. This representative sample contains approximately thousand of bubbles. Digital image analysis based on Matlab was used to conduct a statistical study in order to identify the distribution of the bubbles size with regards to the normal distribution given by
where µ and σ are the location and the scale parameters, respectively. Fig. 4 shows the topology of the bubbles for a foam with ϕ = 30 at different time intervals from the filling (t = 0, 5, 15, and 30 min). As it can be seen, the size of the bubbles has increased by a factor of 2 after 5 min and by a factor of 10 after 30 min. For the characterization of the foam sample, we used the picture taken at 5 min which is close to the foam age in our experiments. 
where c air and c water are the speed of sound at ambient temperature of the gas (343 m/s for air) and the liquid (1480 m/s for water) phases, respectively. Note that this expression gives the speed of sound of homogeneous liquid-gas mixture and can explain the difference of about 20% (Table II) . 
IV. EXPERIMENTAL RESULTS

A. Pressure maps
Fig . 6 presents the traces of the side-wall pressure obtained with a 1.3 shock wave Mach number, from stations C8 to C1 during runs with (Fig. 6(b) ) and without ( Fig. 6(a) ) a foam barrier. Here, SF 6 is used as a driver gas and the foam has an expansion ratio of 30. When the last meter of the shock tube was filled with foam, the pressure histories at different locations were very different. As known, when the shock travels in a homogeneous gaseous medium, there exists a rapid and uniform pressure jump exhibiting similar behavior at different flow locations (from C8 to C1). However, when the incident shock interacts with the gas/foam interface, both pressure traces upstream (C8 and C7) and downstream (from C6 to C1) of the interaction show a reflected wave that goes back upstream along with a complex refracted shock traveling through the two-phase medium, respectively. This leads to a downstream transmitted shock having a rounded-shape profile. Since the foam cannot respond to the mechanical changes as fast as the gas molecules, relaxation processes occur behind the transmitted wave until the system reaches a new equilibrium state. Thus, the pressure level behind the transmitted shock does not remain constant but progressively tends to reach the reflected shock pressure, as seen at stations C6 and C5. The following pressure transient recorded from C6 to C2 is the consequence of a relatively complex situation due to the overlapping of the driver expansion waves, the reflected shock wave (RSW) from the driven end-wall, and the reflected shock wave from the driver-driven contact surface. For better representation of the overall flow discontinuities inside the shock tube, space-time diagrams are drawn for flow configurations with ( Fig. 7(b) ) and without ( Fig. 7(a) ) a foam barrier. In Fig. 7(a) , an ISW travels along the driven section from the diaphragm burst position. This shock is followed by a contact surface that compresses the test gas inside the driven section. At the same time, a rarefaction fan travels in the opposite direction along the driver section, decreasing thereby the driver pressure. After reaching the end of the shock tube, ISW reflects off the end wall into RSW 1 and interacts with both the contact surface and the upstream running expansion waves. This process continues until the pressure gets relaxed in the whole facility. The space-time diagram presented in Fig. 7(b) depicts the flow pattern induced by the presence of the air/foam interface. Once ISW reaches the foam column, the refraction process at the interface yields a transmitted shock wave (TSW f 1 ) which is drastically slowed down as it propagates inside the foam. Meanwhile, a reflected shock wave (RSW f 1 ) appears and moves upstream. Once it collides head-on with the contact surface, a reflected shock (RSW c s1 ) that overtakes the foam front face is formed and changes the foam conditions into foam(3). It is clear that the foam(2) condition behind TSW f 1 depends only on the initial structure of the foam. It can quickly be perturbed by the arrival of the secondary transmitted shock wave (TSW f 2 ) or the reflected shock off the end wall (RSW ew1 ). In this study, different operating conditions are tested to head-on impact the foam by varying the strength and the shape of the shock wave. The objective is to decorrelate the foam response to the incident shock impact from that of the other waves. We recall that there are two ways to generate a blast-shaped pressure profile in a conventional shock tube, either by reducing the length of the HP chamber or by using a driver gas with a high speed of sound, such as helium. Accordingly, the reflection of the rarefaction waves off the HP wall will overtake the incident shock wave. In our case, the blast wave has to be understood as a shock wave followed by a pressure decay having only positive phase.
B. Influence of the liquid fraction
In order to study the influence of the liquid fraction on the refracted shock, repeatable experiments were conducted with and without foam barriers. Here, the analysis is restricted to the pressure traces recorded at stations C7 (upstream of the foam face) and C2 (within the foam). Fig. 8(b) ) and ϕ = 30 ( Fig. 8(a) ), respectively with M s = 1.3. As it can be seen, at station C7 (blue line), the strength of the reflected shock decreases with ϕ. Meanwhile, the transmitted shock propagates slower through the foam column. It is clear from Fig. 8 that the impulse (area under the signal) recorded at C2 is less important than the one obtained at C7, which indicates the effect of the shock mitigation by the foam. Similar pressure traces were obtained upstream in the vicinity of the front foam for all studied cases. The sharp pressure rise seems to be consistent with the passage of the reflected shock which resembles the profiles usually observed behind a shock wave reflected off a rigid wall. This point ensures that the foam front is homogeneous. To assess the reflection rate of the foam front, the evolution of the reflection coefficient R f as a function of M s is shown in Fig. 9 . Here, R f represents the overpressure induced by the incident shock reflection off the foam front relative to the overpressure induced by the reflection of a normal shock off a rigid wall. Since the pressure histories induced by the shock/foam interaction are quite complex and exhibit a highly unsteady character, the analysis of the reflection coefficient R f can be useful for estimating the mitigation-foam capability. For instance, it can be observed from Fig. 9 that the reflection coefficient of the foam front increases with the liquid volume fraction (i.e., low-expansion ratio) and decreases when M s increases. Compared to the case of a shock wave reflected off a rigid wall, it is clear that just the portion of the shock wave between 70% and 40% for ϕ = 30 and 60% and 30% for ϕ = 80 is reflected. The other part is increasingly transmitted inside the foam as the incident shock becomes stronger.
C. Mitigation capability of the foam
From the pressure histories, it was possible to reconstruct the trajectory of the transmitted shock within the foam. In Fig. 10 , the trajectories are plotted in dimensionless scale for better comparison, where t s represents the time needed for the incident shock to cross the test chamber filled with air and h foam is the length of the foam. As expected, the refraction of the incident shock through the air/foam interface reduces drastically the velocity of the transmitted shock, which depends on the acoustic impedances of the undisturbed foam and on the shocked air. Subsequently, this ratio should decrease when both M s and ϕ increase. In each case, the wetter is the foam (ϕ = 30), the slower is the transmitted shock. Note that if the liquid volume fraction increases from 1.25% to 3.33%, the velocity is reduced by approximately 50%. However, it is surprising to observe that the shock at M s = 1.8 refracts into a slower transmitted shock in the foam compared to the cases of M s = 1.3 and M s = 1.5. Recall that in the case of M s = 1.8, the experiments were conducted with helium as a driver gas, whose high speed of sound accelerates the return of the expansion waves and gives the shock wave a blast wave profile. In this case, the key factor driving the pressure reduction is the rarefaction waves which quickly overtake the transmitted shock inside the foam as previously shown by Britan et al. 13, 15 The confirmation of the more efficient attenuation caused by the foam in the case of a blast loading is clearly shown in Fig. 11 . The latter represents the comparison of pressure traces recorded at station C2 inside the foam, with and without 1 m long foam barriers for ϕ = 30 and ϕ = 80 and M s = 1.8. When the foam is present, the blast-wave profile shape of the incident shock substantially attenuates the pressure impulse compared to the case of step-shaped shock profile (see Fig. 8(b) ). The impulse calculated here represents the integration over time of the overpressure for a duration of 10 ms after the passage of the shock. The impulses measured at stations C7 (upstream of the foam face) and C2 (in the foam) normalized by the impulses recorded during runs without foam are plotted in Figs. 12(a) and 12(b) for ϕ = 30 and 80, respectively, versus the elapsed time from the passage of the shock at the considered station. The origin of the x-axis was shifted such as to have t = 0 when the incident (or transmitted) shock wave reaches the gauge location. As shown in these figures, upstream of the interaction (at station C7), the reflection of the shock off the foam front causes the impulsion to increase locally (up to twice) compared to the case without foam barrier. Moreover, higher is the Mach number, and wetter is the foam, greater is the growth rate of the normalized impulsion. On the other side, it can be observed that at station C2, the presence of a foam barrier reduces the impulsion at least during the first instants. Even if it increases continuously, the impulsion level never exceeds the one recorded without foam. However, as expected, a wetter foam does not reduce further the impulsion. On the contrary, the drier foam (ϕ = 80) appears to have better performance. Finally, the result confirms once more that for M s = 1.8 having a blast-profile shape, the normalized impulsion recorded in the foams (ϕ = 30 and 80) is lower compared to the other cases.
D. Pressure profile in the foam
A careful examination of the pressure profile induced by the propagation of a shock at M s = 1.3 inside the foam barriers allows to distinguish two stages (see Fig. 13 ). In fact, each pressure trace presents a primary jump with a relative low amplitude, followed by a compression wave corresponding to the momentum transfer between the liquid and the gas flow. Based on previous numerical studies, 7, 20 it has been reported that the first pressure rise corresponds to a precursor shock wave though which the liquid films of the foam can be broken for sufficient pressure ∆p c . In other words, the foam remains unchanged below ∆p c and velocities of both liquid and gas phases are equal. Then, above ∆p c , the foam will collapse. In this study, the pressure threshold ∆p c at which the foam collapses for ϕ = 30 and ϕ = 80 is determined. Fig. 14 summarizes the overpressure behind the precursor shock recorded across the foams for all considered cases (M s = 1.3, 1.5, and 1.8). The pressure threshold seems to be almost invariant for a given foam regardless of the shock strength and the location of the pressure sensor and thus the thickness of the crossed foam. For the considered foams, the recorded pressure thresholds were estimated between 0.19 and 0.23 bar. However, it can be noticed that the expansion ratio of the foam has a slight influence on the results. The pressure induced by the precursor shock is lower for a drier foam (ϕ = 80). So, one can assume that the precursor shock is a signature of the foam structure rupture. To qualitatively highlight this point, further experiments have been conducted for a low shock wave Mach number of about 1.1 and with uncharacterized dry foam allowing a visual access during the head-on impact by the shock. Indeed, in order to explore the processes occurring inside the foam bulk under shock loading, a small sample of extremely dry foam with huge bubbles was considered. This is a totally different case from the ones studied so far. Thus, no pressure profile was recorded during these experiments. Moreover, in order to avoid the slip of the foam at the walls, a care was taken to ensure that the bubbles and the films were not attached to the test section windows. The goal is to provide new qualitative contributions of high-quality optical resolution. An example of bursting sequence highlighting the destruction of into spherical droplets (until picture # 24). A precursor shock wave was identified as a signature of the foam structure rupture through which the liquid films are first destroyed. This precursor shock is then followed by a compression wave corresponding to the liquid ligament displacements in the gas flow and their evolution into a droplet spray. Thus, the post-shock evolution of the topology of the liquid phase can help to explain the transients of the compression waves propagating through the foam column. This phenomenon should be taken into account for modeling such a complex two-phase flow. To corroborate the above assumptions, the pressure traces recorded at station C2 inside the foam are presented in Fig. 16(a) . It concerns the cases with and without a 1 m long foam barrier with ϕ = 30 and M s = 1.07. For this shock loading (M s = 1.07), the overpressure generated behind the incident shock was about 0.17 bar, i.e., less than the pressure threshold estimated for the foam with ϕ = 30. In this case, the overpressure was not sufficient to break the foam structure and thus no precursor shock was visible. This is clear from the enlarged view of the pressure jump obtained at station C2 within the foam barrier depicted in Fig. 16(b) . As mentioned above, the foam had to remain unchanged during the present run and the observed pressure jump inside the foam is attributed to the liquid-gas momentum transfer. Two new physical mechanisms can be pointed out. The first one concerns the foam fragmentation process and the associated pressure threshold which characterizes the degree of heterogeneity of the foam. The second issue relies on the two-phase momentum transfer which can be modeled according to the two-different drag coefficient laws. This includes the two main steps of the foam transformation: (i) the acceleration of the foam ligaments after the fragmentation and (ii) the spherical droplets dynamics.
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E. Pressure profile in a cloud of droplets
Recently, we have conducted similar experiments using the same shock tube in order to study the propagation of a shock through a well-characterized cloud of water droplets of 1.2% volume fraction and 500 µm diameter droplet for two shock wave Mach numbers of 1.3 and 1.5. 21 The correlation with the present investigation is made though the similarity of the two-phase medium (gas-liquid), the liquid volume fraction (approximatively 1%), and the shock wave strength. Fig. 17 presents a comparison of pressure traces recorded for M s = 1.5 at station C4, with a foam barrier of ϕ = 80 and with a water spray of liquid volume fraction of 1%. It can be seen that the pressure changes shown in Fig. 17 are quite different although they concern the propagation of a shock in a dilute two-phase liquid-gas medium (ϵ = 1%). In the case of a cloud of water droplets, the recorded pressure history in the two-phase liquid-gas medium shows a primary uniform and rapid pressure jump, followed by rarefaction waves and a pressure build-up leading to the same equilibrium state. This tendency was attributed to the two stages process of the droplet atomization. First, droplet deforms and starts to increase the exchange surface between the gas and the droplets. Afterwards, the deformed droplet is broken into fine structures. The reduction of the mean diameter leads to an increase of the exchange surface between the gas and the dispersed phases. This phenomenon contributes to a pressure drop as well as a gas-velocity reduction under momentum exchanges till the global exchange surface gets stabilized. When the droplets reach a stable state, the classic relaxation process between phases takes place resulting in a pressure rise that can reach an equilibrium state. It is interesting to observe that for the same liquid volume fraction, the foam significantly reduces the transmitted shock, compared to a cloud of water droplets. However, an equivalent pressure impulse behind the refracted shock is observed. Again, this phenomena should be also accounted for when modeling the two-phase liquid-gas medium. Even if the numerical approaches of the shock wave propagation through both a foam or a cloud of droplets can be equivalent, some physical aspects such as the secondary atomization or the foam fragmentation have to be correctly described and implemented in the models to properly account for the exchanges between phases. 
V. CONCLUSION
A series of shock tube experiments was conducted to study the propagation of planar shock waves at different incident shock Mach numbers through well-characterized aqueous foam barriers having expansion ratios of 30 and 80. It was shown that when a shock wave propagates through such a two-phase gas-liquid medium, the induced wall-pressure traces exhibit a particular structure, in contrast to those recorded during its propagation through a cloud of water droplets. The underlined process is attributed to the fragmentation of the foam and the liquid-gas momentum transfer. The results also show that the post-shock evolution of the liquid-phase topology has a deep influence on the transients of the compression wave. During the wave refraction in the foam, a precursor shock was identified through which the liquid film is primarily destroyed. The associated pressure threshold is shown to be invariant for a given foam. Moreover, the blast mitigation capability of the foam is highlighted through both shock velocities and pressure impulse reduction, the former being more enhanced. For the densities of the considered foam, an expansion ratio of 30 provides better velocity reduction with a lower impulse mitigation through an increase of the pressure level induced by the reflected shock off the front foam. Finally, it is confirmed that the mitigation effect is more pronounced for a shock wave having a blast-shaped profile due to the catch-up process of the rarefaction waves.
